Daunorubicin (Dnr) is at the forefront of acute myeloid leukemia (AML) therapy, but drug resistance poses a major threat to treatment success. MicroRNA (miR)-9 has been shown to have a pivotal role in AML development. However, little is known about the role of miR-9 in Dnr resistance in AML. We explored the potential role of miR-9 in Dnr resistance in AML cells and its mechanism of action. AML cell lines with high half-maximal inhibitory concentration to Dnr in vivo had significantly low miR-9 expression. miR-9 overexpresssion sensitized AML cells to Dnr, inhibited cell proliferation, and enhanced the ability of Dnr to induce apoptosis; miR-9 knockdown had the opposite effects. Mechanistic studies demonstrated that eukaryotic translation initiation factor 5A-2 (EIF5A2) was a putative target of miR-9, which was inversely correlated with the expression and role of miR-9 in AML cells. miR-9 improved the anti-tumor effects of Dnr by inhibiting myeloid cell leukemia-1 (MCL-1) expression, which was dependent on downregulation of EIF5A2 expression. These results suggest that miR-9 has an essential role in Dnr resistance in AML cells through inhibition of the EIF5A2/MCL-1 axis in AML cells. Our data highlight the potential application of miR-9 in chemotherapy for AML patients.
Introduction
"Leukemia" refers to cancer of white blood cells, and can be classified as "acute myeloid leukemia" (AML), "acute lymphoblastic leukemia" or "chronic lymphoblastic leukemia" [1] . AML is the most common type of acute leukemia, and ≈80% of adult patients with acute leukemia have AML [2] .
The combination of cytarabine and daunorubicin (Dnr) is used as first-line treatment for AML (except for AML-M3) [3] . Although 70-85% of patients achieve initial induction remission with this treatment, chemoresistance and therapy-related mortality continue to have a key role in therapeutic failure and poor outcomes [4] . Hence, it is essential to explore the potential mechanisms underlying AML chemoresistance and develop effective new strategies for enhancement of the efficacy of AML chemotherapy.
MicroRNAs (mIRs) are a large family of highly conserved endogenous non-coding RNAs. They negatively regulate expression of target genes by binding to the 3′ untranslated region (UTR), thereby degrading or blocking their translation [5, 6] . Studies
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Abnormal expression of miRs has been identified in AML chemoresistance [8, 9] . For miR-9, tumor suppressor and oncogenic roles have been reported in various types of solid tumor [10] [11] [12] [13] . In AML, Chen et al. reported that miR-9 was a direct target of mixed-lineage leukemia (MLL) fusion proteins. They also reported that depletion of endogenous miR-9 expression could inhibit the growth and viability of cells and promote apoptosis in human MLL-rearranged AML cells, indicating that miR-9 is a tumor oncogene [14] . However, Emmrich et al. reported that miR-9 was a tumor suppressor in pediatric AML with a t (8;21) translocation [15] . Nishioka et al. demonstrated that miR-9 has a tumor-suppressor role in AML because it regulates interleukin-10-mediated expression of E-cadherin [16] . However, studies focusing on the role of miR-9 in mediating AML chemoresistance are lacking.
We wished to explore the role of miR-9 in Dnr resistance in AML and uncover its potential mechanism of action. Our results demonstrated that miR-9 was expressed at significantly lower levels in Dnr-resistant AML cell lines. We present evidence that miR-9 overexpression can enhance Dnr sensitivity. Then, we identified eukaryotic translation initiation factor 5A-2 (EIF5A2) as a target gene of miR-9. EIF5A2 knockdown increased Dnr sensitivity and downregulated myeloid cell leukemia 1 (MCL-1) expression. We further confirmed that MCL-1 was involved in miR-9-mediated regulation of Dnr sensitivity in AML. Finally, we demonstrated that the effects of miR-9 in AML cells were mediated by EIF5A2. Collectively, we proposed that upregulation of miR-9 expression could improve Dnr sensitivity to AML cells by transcriptional repression of MCL-1 through direct targeting of the 3′UTR region of EIF5A2.
Materials and Methods

Cell culture
The AML cell lines HL-60, KG-1, THP-1 and Kasumi-1 were purchased from the Chinese Academy of Science Cell Bank (Shanghai, China) and maintained in RMPI 1640 medium (Gibco, Billings, MT, USA). All culture media were supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin solution (Gibco) at 37°C in a humidified atmosphere of 5% CO2. Dnr was purchased from Selleck Chemicals (Houston TX, USA) and dissolved in dimethyl sulfoxide.
Small interfering (si)RNA and transfection
Mcl-1, eIF5A2 siRNA, and negative-control siRNA were obtained from Ribobio (Guangzhou, China). miR-9 inhibitors, miR-9 mimics, and their negative control RNA were purchased from Fulengen (Guangzhou, China) (miR-9 mimic, 5ʹ-UCUUUGGUUAUCUAGCUGUAUGA-3ʹ and 5ʹ-AUACAGCUAGAUAACCAAAGAUU-3ʹ; miR-9 inhibitor, 5ʹ-UCAUACAGCUAGAUAACCAAAGA-3ʹ, Negative control: 5ʹ-CAGUACUUUUGUGUAG UACAA-3ʹ). Transfection was conducted using Lipofectamine 2000 Reagent following manufacturer (Thermo Scientific, Waltham, MA, USA) instructions.
Cell Counting Kit-8 (CCK-8) assay
AML cells that had undergone various types of transfection were seeded at 10,000 cells/well in 96-well plates. Then, the cells were cultured in different concentrations of Dnr at 37°C in an atmosphere of 5% CO 2 in an incubator for 48 h. Cell viability was measured using a CCK-8 kit at the indicated time points according to manufacturer (Dojindo Laboratories, Tokyo, Japan) instructions. Absorbance at 450 nm was measured using a microplate reader (MRX II; Dynex Technologies, Chantilly, VA, USA). The concentration at which each drug produced 50% inhibition of growth (IC50) was estimated using a relative survival curve.
Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was extracted from cell lines using TRIzol™ Reagent (Thermo Scientific). To detect miR-9 expression, cDNA was reverse-transcribed using a TaqMan™ miRNA RT kit (Life Technologies, Carlsbad, CA, USA) and U6 was used as an endogenous control. qRT-PCR assays were analyzed by the StepOnePlus™ RT-PCR system (Thermo Scientific) using a SYBR™ PrimeScript RT-PCR kit (TaKaRa Biotechnology, Dalian, China). The primers were as follows: eIF5A2: Forward: 5'-GCAGACGAAAUUGAUU UCATT-3';
Reverse: 5'-UGAAAUCAAUUUCGUCUGCTT-3'; miR9: 5'-TCTTTGGTTATCTAGCTGTATGA-3'.
Western blotting
Western blotting was carried out according to a standard protocol. Protein concentrations were quantified using a Bicinchoninic Acid Protein Assay kit (Thermo Scientific). Proteins (40 µg) were resolved on 10% sodium dodecyl sulfate-polyacrylamide gels and transferred to polyvinylidene difluoride membranes. Primary antibodies against eIF5A2, MCL-1 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were purchased from Abcam (Cambridge, UK) and used at 1:1000 dilution. Secondary antibodies were also from Abcam and used at 1:2000 dilution.
EdU assay
Proliferation of AML cells was determined using a Click-iT ® EdU Imaging kit according to manufacturer (Invitrogen, Carlsbad, CA, USA) protocols. Cell nuclei were stained blue with Hoechst 3344 (Invitrogen) at 5 μg/mL for 30 min. EdU-positive cells were green.
Apoptosis assay
Fluorescein isothiocyanate (FITC)-conjugated annexin-V and a Propidium Iodide (PI) kit were used according to manufacturer (BD Biosciences, San Jose, CA, USA) instructions. Cells (2-3×10 5 ) were washed twice with pre-chilled phosphate-buffered saline and resuspended in 100 µL of binding buffer and 5 μL of FITC-conjugated annexin-V, then protected from light for 30 min at room temperature. Next, 100 μL of PI was added followed, 5-min later, with 400 µL of Binding Buffer. Cells were examined with a flow cytometer CANTO™ II (BD Biosciences) and data analyzed by FlowJo (Ashland, OR, USA).
Statistical analyses
SPSS v18.0 (IBM, Armonk, NY, USA) was used for statistical analyses. Experimental data are the mean ± SD and were assessed by two-tailed Student's t-tests. P<0.05 was considered significant.
Results
miR-9 expression was negatively correlated with Dnr sensitivity in AML cells
We wished to explore the role of miR-9 in Dnr sensitivity in AML cell lines. First, we employed the CCK-8 assay to study the viability of AML cell lines cultured with different concentrations of Dnr and calculated the IC 50 values. The sensitivity of AML cell lines to Dnr varied and was concentration-dependent (Fig. 1A) . The IC 50 value (in decreasing order) was THP-1, KG-1, HL60 and Kasumi-1 cell lines (Fig. 1B) . In general, the AML cell line that was less sensitive to Dnr showed lower expression of miR-9 (Fig. 1C) . Thus, high expression of miR-9 could enhance Dnr sensitivity in AML cells.
miR-9 could improve Dnr sensitivity in AML cell lines
To further confirm the functional association between miR-9 expression and Dnr resistance in AML cells, we transiently transfected AML cell lines with a miR-9 mimic, miR-9 inhibitor, or scrambled control. The efficiency of the miR-9 mimic and miR-9 inhibitor were confirmed by qRT-PCR ( Fig. 2A, B) . At 48 h after transfection, the CCK-8 assay showed that miR-9 overexpression could lead to enhanced inhibition of cell viability in comparison with controls, and that miR-9 inhibition could lead to Dnr resistance (Fig. 2C,  D) . EdU assays confirmed that miR-9 overexpression could improve Dnr sensitivity in AML cells (Fig. 2E) . Apoptosis assays demonstrated that enforced miR-9 expression increased the proportion of apoptotic cells compared with their respective controls (Fig. 2F) . These results suggested that upregulation of miR-9 expression could restore Dnr sensitivity in AML cells.
EIF5A2 was the target gene of miR-9
Given that miR-9 could relieve Dnr resistance in AML cells, we sought to uncover the underlying molecular mechanisms of this phenomenon. First, we used bioinformatics methods (TargetScan) to predict the potential targets of miR-9. Among the candidate targets, 3′UTR of EIF5A2 contained regions that matched the seed sequences of miR-9 (Fig. 3A) . To further confirm EIF5A2 was a target gene of miR-9, we used western blotting to detect EIF5A2 expression under existing miR-9 mimics and inhibitors. Expression of EIF5A2 protein in AML cell lines was upregulated significantly by miR-9 (Fig. 3B, C) . All these data suggested that EIF5A2 was a direct target of miR-9. 
EIF5A2 knockdown increased the sensitivity of AML cells to Dnr and inhibited MCL-1 expression
We continued to investigate if EIF5A2 contributed to Dnr resistance in AML cells. We employed EIF5A2 with siRNA to reduce endogenous expression of pleomorphic adenoma gene 1 (PLAG1). Then, 48 h after exposure to different concentrations of Dnr, CCK-8 assays were conducted. AML cells with EIF5A2 knockdown showed much lower viability compared with control groups (Fig. 4A) . To further identify the mechanisms implicated in Dnr resistance, we measured protein expression of several classical molecules reported to regulate drug resistance in AML cells. We found that EIF5A2 knockdown could inhibit MCL-1 expression (Fig. 4B) , which has been implicated in the drug resistance of AML cells [17] [18] [19] .
MCL-1 was involved in miR-9-mediated regulation of Dnr sensitivity in AML cells
Western blotting showed that miR-9 mimics could inhibit MCL-1 expression, and that inhibition of miR-9 expression could increase MCL-1 expression (Fig. 5A, B) . We wondered if MCL-1 contributed to the Dnr resistance in AML cells. CCK-8 assays demonstrated that AML cells with MCL-1 knockdown showed much lower viability compared with control groups (Fig. 5C) . Also, the interference efficiency of MCL-1 siRNA was confirmed by western blotting (Fig. 5D) . Finally, we co-transfected AML cells with MCL-1 siRNA plus a miR-9 inhibitor or MCL-1 siRNA plus a negative control and examined cell viability under Dnr. After MCL-1 knockdown, miR-9 inhibitor-induced Dnr resistance vanished, which suggested that MCL-1 participated in miR-9-mediated regulation of Dnr sensitivity.
EIF5A2 mediated the effects of miR-9 in AML cells
Given that EIF5A2 was the target gene of miR-9, and that EIF5A2 could regulate MCL-1 expression, we wondered if EIF5A2 was involved in the miR-9-induced effects in AML cells. First, we co-transfected AML cells with EIF5A2 siRNA plus a miR-9 inhibitor or EIF5A2 siRNA plus a negative control, and examined cell viability under Dnr. EIF5A2 siRNA could overcome miR-9 inhibitor-mediated Dnr resistance (Fig. 6A) . Additional western blotting showed that EIF5A2 knockdown ablated miR-9 inhibitor-mediated upregulation of MCL-1 expression (Fig. 6B) . These data suggested that the effects of miR-9 in AML cells were mediated by EIF5A2, and that a miR-9/EIF5A2/MCL-1 axis regulated Dnr sensitivity in AML cells.
Discussion
Accumulating evidence suggests that aberrant expression of miRNA is involved in various cancers, including hematologic malignancies [20] [21] [22] . Here, we identified for the first time, a miR-9/EIF5A2/MCL-1 axis in human AML cells that may be responsible for chemoresistance.
We showed that miR-9 overexpression could improve Dnr sensitivity in AML cells by targeting EIF5A2, which led to decreased expression of MCL-1 in AML cells. Collectively, our results demonstrated that miR-9 has a vital role in the chemoresistance of AML cells and provided novel insights into the potential mechanisms underlying AML chemoresistance. miR-9 has been shown to be involved in the proliferation, autophagy, migration, and apoptosis of cancer cells as an oncogene or tumor suppressor depending on the cancer type [23] . For example, miR-9 overexpression has been reported to promote the migration and invasion of ovarian cancer cells [24] . miR-9 has been reported to promote the proliferation, migration, and invasion of breast cancer cells by down-regulating expression of forkhead box protein O1 (FOXO1) [25] . However, in gastric cancer, miR-9 can inhibit proliferation of gastric cancer cells by targeting tumor necrosis factor-alpha-induced protein 8 (TNFAIP8) [26] . miR-9 has been reported to suppress the migration and invasion of colorectal cancer cells by targeting transmembrane 4 L6 family member 1 (TM4SF1) [27] . Studies have shown that miR-9 is involved in the chemoresistance of hematopoietic malignancies. Li et al. reported that miR-9 overexpression was sufficient to reverse cancer-cell resistance to multiple chemotherapeutics by targeting ATP binding cassette subfamily B member 1 (ABCB1) in chronic myeloid leukemia [28] . However, in AML, little is known about the role of miR-9 in drug resistance. We have shown here, for the first time, that miR-9 overexpression can enhance Dnr sensitivity in AML.
To uncover the underlying molecular mechanisms by which miR-9 influences Dnr sensitivity in AML cells, we used bioinformatics methods to predict its possible target genes. We found EIF5A2 to be a target gene of miR-9 in AML. EIF5A2 had been shown to play important parts in the proliferation, metastasis and apoptosis of cancer cells, and is considered to be a novel oncogene [29] . In hepatocellular carcinoma and non-small-cell lung cancer, EIF5A2 has been identified as the target gene of miR-9 [30, 31] . However, the role of EIF5A2 and the relationship between miR-9 and EIF5A2 in AMLs are not known. Here we showed, for the first time, that EIF5A2 knockdown could increase Dnr sensitivity and that EIF5A2 mediated the regulatory role of miR-9 in AML cells. Mcl-1 is a member of the B-cell lymphoma (Bcl)-2 family. Bcl-2 family proteins play vital parts in balancing the decision between cell survival and apoptosis, and escape from apoptosis is a hallmark of cancer [32, 33] . Dysregulation of Bcl-2 family proteins has been found in AML, and upregulation of expression of anti-apoptotic family members Bcl-2, Bcl-xL and Mcl-1 have been found to promote AML chemoresistance [34, 35] . Here, we demonstrated that MCL-1 knockdown could improve Dnr sensitivity in AML and that MCL-1 expression was regulated by the miR-9/EIF5A2 axis. These novel findings could provide new insights into the regulation of apoptosis in AML.
Conclusions miR-9 overexpression contributed to high Dnr sensitivity in AML. miR-9 enhanced the chemosensitivity of AML cells to Dnr through an apoptotic pathway mediated by MCL-1. EIF5A2 was identified as a direct target of miR-9 in AML. Identification of the candidate target genes of miR-9 may aid understanding of the potential mechanisms involved in AML. However, additional studies are required to ascertain if miR-9 can be used in AML treatment.
